To investigate if fluid therapy changes the prerequisites for the development of oedema, four i.v infusions of Ringer's solution 25 ml kg -1 were given over 15 or 30 min in a randomized crossover study to 10 healthy male volunteers, aged 28-40 (mean 31) yr. Blood haemoglobin concentration, measured every 5 min for 90 min, and urinary excretion were used as input data for volume kinetic analysis. The results showed that the elimination rate constant (k r ) was higher when another infusion had been given earlier on the same day (208 vs 140 ml min -1 ; PϽ0.002) and the size of V 1 was larger during the 15-min infusions (4.7 vs 3.2 litre; PϽ0.02). However, the size of V 2 and the rate constant for the exchange of fluid between V 1 and V 2 were similar during all infusions. We conclude that a fluid challenge makes elimination of further infused fluid more effective but does not change compliance with volume expansion in healthy volunteers. 1999; 82: 496-502 
Oedema is an important consequence of i.v. fluid therapy in severe disease. Tissue swelling is promoted by release of water-retaining 'stress' hormones and disturbances of membrane integrity and Starling forces. 1 Another source of oedema involves changes in interstitial compliance to volume expansion, which is determined by the concentration and organization of collagen, reticular and elastic fibres and a ground substance consisting of mucopolysaccharides such as hyaluronic acid and chondroitin sulphate. 2 The interstitial space can be regarded as a two-phase structure where areas having a dense fibre framework prevent albumin from entering the matrix. This exclusion of albumin makes it more resistant to development of oedema, but the framework can be disturbed by tissue injury, increased lymph flow 3 and increased capillary pressure. 4 5 Experiments on dog hindleg 5 and lungs 6 showed that interstitial compliance changed during volume loading, from a low compliance system, with small pressure increases with increasing hydration, to a high compliance system. Loss of tissue stiffness facilitates further development of oedema, even when the sum of Starling forces are constant. 2 7 This broaches the question of whether a rapid fluid load © British Journal of Anaesthesia changes compliance with volume expansion in the human body. Whether increased fluid pressure opens up or disorganizes the interstitial gel, compliance with future volume expansion is likely to be higher for an unknown period of time.
The aim of this study was to examine if a fluid challenge changes the distribution and elimination of a subsequent fluid load. For this purpose, we used a volume kinetic model based on markers indicating dilution of blood to calculate the distribution and elimination of an infused fluid. [8] [9] [10] [11] The body's handling of Ringer's solution was studied in a randomized, crossover design in a group of male volunteers given two aggressive and two more moderate fluid challenges.
Subjects and methods
Ringer's solution was given on 40 occasions to 10 healthy male volunteers, aged 28-40 (mean 31) yr, weighing 70-97 (mean 82) kg. The study was approved by the Ethics Committee and each volunteer gave informed consent.
Volunteers 12 Both lactate and acetate induce a transient vasodilatation 13 14 and are metabolized rapidly to bicarbonate. Infusion time was 15 min in one of these experiments and 30 min in the other. Volunteers were allocated randomly to receive either the fast rate or the moderate rate infusion in the first morning. The order of succession of the infusions was reversed on the second session of experiments 7 days later.
Measurements
Volunteers ate a light meal before the experiments. They rested comfortably on a bed, and an equilibration period of at least 20 min was allowed before the start of each infusion experiment. Cannulae were inserted into the antecubital veins of both arms and fluid was infused into one of these veins at a constant rate with the aid of one or more infusion pumps (Baxter Flo-Gard 6201, San Diego, CA, USA).
Samples (5 ml) were obtained from the venous cannula not used for infusion before any fluid was given, every 5 min during the infusion and every 5 min after it was completed. The sampling period ended 90 min after the experiment started. Blood haemoglobin concentration (B-Hb) was measured by a Technicon H . 2 (Bayer, Tarrytown, NY, USA), using colorimetry at 546 nm, with a coefficient of variation of 1.0%. The first sample was always obtained in duplicate and the mean value was used in calculations. Immediately after each sample had been obtained, heart rate and arterial pressure were measured using an automatic device (Propaq 104, Protocol Systems Inc., Beaverton, OR, USA). Volunteers voided just before the infusions were started. Urinary excretion was measured during all experiments.
Calculations
Our models for kinetic analysis of the distribution and elimination of infused fluid assume that subjects handle the infused fluid either as a one-or two-volume model. The analysis based on individual data sometimes fails to identify a peripheral fluid space (V 2 ) and we then say that the fluid is handled according to the one-volume model. This is often the case when infused fluid is excreted rapidly. 10 In both models, the volume of the body fluid space in which the infused fluid becomes distributed strives to be maintained in the same way as an elastic balloon. [8] [9] [10] [11] In the one-volume model, fluid is given by i.v. infusion at a constant rate (k i ) and enters a space having the volume (v). The volume (v) also changes as a result of fluid leaving the space at a basal rate (k b ) and at a controlled rate proportional by a constant k r to the deviation of v from the target volume V. Thus (v) is an expandable volume which has a 'target' value (V) that the system strives to maintain by acting on the mechanism (k r ) .
The same basic assumptions apply to the two-volume model, which was also fitted to the data, except for the existence of a second volume (v 2 ) which exchanges fluid with the first one (v 1 ). Thus (v 1 ) and (v 2 ) are expandable volumes having the target values (V 1 ) and (V 2 ). The rate of volume equilibration between the fluid spaces is proportional to the difference in deviation from the target value by a constant (k t ) (Fig. 1) .
The differential equations describing the assumptions of the one-and two-volume fluid space models have been described in recent publications. [8] [9] [10] Analytical 8 and numerical 9 10 solutions to these differential equations have also been given.
Dilution of plasma in the cubital vein was used to quantitate the water load as Ringer's solution remains outside the erythrocytes. As the sampled plasma is a part of V, we obtain:
A correction was always made for loss of erythrocytes, including withdrawal of blood and sampling volume, based on baseline blood volume as estimated according to Nadler, Hidalgo and Bloch. 15 A k b of 0.8 ml min -1 has been applied previously to healthy volunteers who have fasted overnight. 9 The model parameters were calculated on a computer using Matlab version 4.2 (Math Works Inc., Notich, MA, USA), in which a non-linear least-squares regression routine based on a modified Gauss-Newton method was used. The following F test indicated whether it was statistically justified to fit the data to a biexponential rather than a monoexponential curve 11 : where df is the degrees of freedom and SSQ is the sum of squares for the difference between the measured dilution of plasma and the optimal curve-fit. The indexes refer to whether the data are associated with the one-or two-volume model, respectively. A high F value makes it more likely that the curve is best described by the two-volume model, and significance testing is performed by consulting a standard statistical table. Data on SSQ are given in tables 1-3. Re-analysis according to the two-volume model with a fixed k r determined by urinary excretion was performed in experiments where the two-volume model was statistically justified but the correlation matrix showed strong withinpatient covariances (rഛ-0.98) between k r and V 2.
11 To calculate the fixed k r , the total excreted volume of urine was divided by the integral of the dilution-time curve. As baseline urinary excretion in an adult male is likely to be 500 ml per 24 h, we assumed that half of the spontaneous elimination of fluid (k b ) also appeared as urine. Hence, none of the reported curves has strong within-patient covariances between parameters.
One of the 30-min infusions resulted in haemoconcentration immediately after infusion, possibly because of an erroneous sampling technique. The experiment was excluded as the curve could not be analysed.
Results are expressed as mean (SEM). Statistical evaluation was performed using two-way analysis of variance (ANOVA) and repeated-measures ANOVA followed by Dunnett's test. Cochran's Q test was used to examine if the identification of V 2 was dependent on the order of infusion and infusion time. PϽ0.05 was considered significant.
Results
Dilution of plasma showed a higher peak at the end of the first infusion of the day, and it was also reduced more slowly after this infusion was ended. This difference was apparent regardless of whether the fluid was infused over 15 or 30 min (Fig. 2) . Volume kinetic analysis showed that the two-volume model was statistically justified, implying that a peripheral fluid space (V 2 ) could be identified in 18 of 40 experiments.
Infusion time
A peripheral fluid space was identified in 40% of the 15-min infusions ( Table 1 ). The size of V 1 was larger when the infusion was given over 15 min (PϽ0.02), but there were 
First vs second infusion
A peripheral fluid space was identified in 55% of the morning infusions and in 37% of the afternoon infusions ( Table 2 ) but identification of V 2 was not statistically dependent on the order of infusion or infusion rate (Fig. 3) . The elimination rate constant (k r ) in the experiments where the two-volume model was statistically justified was higher for the second infusion of the day (PϽ0.005). There were no other significant differences in parameters between the first and second infusions of the day. In addition, no differences were found between the experiments on the first and second days.
Simulations
Computer-generated simulations were performed based on the parameter estimates shown in Tables 1 and 2 . These curves illustrated that experiments described by the onevolume model yielded a less pronounced dilution of the primary fluid space and total retention of fluid in the body than ones in which the two-volume model was justified (Fig. 4) . They also indicated that the excess volume in V 2 was most pronounced during the 30-min infusions and also during the first infusion of the day (Fig. 5 ).
Pooled data
When data for the optimal model in all 40 infusions were pooled, the total volume of the expanded body fluid space (V or V 1 ϩV 2 ) did not differ with infusion time or order of infusion. However, k r was higher for the second infusion given on each day (PϽ0.002) ( Table 3 ).
Haemodynamics
Arterial pressure was relatively stable during the infusions, and there were no significant differences attributable to the order of infusion or infusion time. However, systolic pressure tended to increase after the 30-min infusions (Fig. 6 ) which corresponds to a more pronounced dilution of plasma after these experiments compared with the 15-min infusions (Fig. 2) . Heart rate did not change.
Discussion
Our study consisted of a series of infusion experiments performed in a group of male volunteers. The infusion rates were high in order to challenge the possibility that a volume load disorganizes the colloid-rich and fluid-poor parts of the interstitial matrix. This task was approached by studying whether one rapid infusion of Ringer's solution (approximately 140 ml min -1 ) changes the kinetics of a second infusion given 4 h later. Another issue is whether a slower infusion changes the kinetics of a more rapid one. The interval between the two sessions, each consisting of two infusions, 4 h apart, was 7 days because we wished to see if any change would persist for any appreciable period of time.
The results showed that the size of the peripheral fluid space expanded by the infused fluid (V 2 ) was the same when preceded by another infusion, regardless of whether it was given at a fast or moderate rate. All experiments yielded almost the same estimates for V 2 regardless of whether the rapid infusion was given in the morning or at noon. This would suggest that Ringer's solution does not change the structure of the interstitial gel matrix in such a way that a second infusion would expand a larger body fluid space.
Estimates of the parameter k t , which governs the rate of diffusion of volume equilibration between v 1 and v 2 , were also essentially the same in all four experiments. This means that the infused fluid entered v 2 during the first infusion as easily as during the second one, which would Table 1 and those on the right are based on Table 2 . not be expected if a fluid load alters the compliance of the interstitial gel matrix. A volume-time plot reveals any tendency to fluid accumulation in v 2 in a more straightforward way than by comparing parameter estimates. The dilution-time plot (v 2 (t)-V 2 )/V 2 ) can be converted into a volume-time plot by multiplying the function by V 2 to obtain v 2 (t)-V 2 , but this showed a slightly smaller tendency for v 2 to increase during the second infusion.
The similarity between the experiments with respect to estimates of both V 2 and k t and the character of the volume-500 time plot for v 2 suggest that the prerequisites for volume expansion in the functional body fluid space peripheral to venous blood are not enhanced by a fluid challenge. This result should be regarded in the light of experimental studies in animals showing that the volume-pressure relationship in the interstitial fluid space of normal tissue follows a sigmoid-shaped curve with small increases in pressure until there is considerable accumulation of fluid. 5 The change in compliance is thought to reflect disorganization of the colloid-rich and fluid-poor parts of the interstitial matrix, which facilitates the development of oedema. Although compliance with volume expansion might be different in the presence of inflammation and oedema-associated disease, 2 we found no evidence of this problem arising after rapid volume loading in healthy volunteers.
Our models for kinetic analysis of the distribution and elimination of infused fluid reflect the expandability of a functional body fluid space, V 1 , of which the plasma sampled in the cubital vein is a part, and usually of another more remote peripheral body fluid space, V 2 . The anatomical compartment corresponding to V 2 is likely to be the interstitial fluid space, although the estimate of V 2 is usually smaller than the size of the interstitial fluid space measured by tracer techniques. We believe the reason for this difference is that tracer techniques indicate the entire body fluid space which the infused fluid enters, while volume kinetics identifies only the parts of the same fluid space expanded by the fluid. [9] [10] [11] If areas with exclusion of albumin as a result of a dense macromolecule framework are disturbed by increased lymph flow and capillary pressure, 2-4 the sizes of the anatomical space and the expanded body fluid space are likely to become more similar. This is why it should be possible to detect 'opening up' of the intercellular matrix as an increase in the size of V 2 .
The only clear effect of repeatedly infusing Ringer's solution on the body's handling of fluid was a marked increase in k r , which means that elimination of fluid relative to dilution of V 1 became more effective. This probably represents an acute adaptation of the physiological responses of the body in order to more readily eliminate a fluid load. The faster elimination has effects on both v 1 and v 2 ; our computer-based simulations even show that k r can explain nearly all of the difference in excess volume in V 2 depending on the order of infusion.
Another difference between the fluid regimens was that a very rapid infusion of Ringer's solution expanded a larger V 1 than when the infusion was given more slowly. The size of V 1 has been estimated previously as 3.3 litre in men 9 and 2.6 litre in women, 10 which is very close to the expected plasma volume in these subjects. Therefore, we believe that the 3.2 litre found during the 30-min infusion is the 'normal' value, while the higher estimate for V 1 found in the 15-min experiments probably indicates that a part of the extravascular bed operates together with the plasma volume to form the functional central body fluid space that we call V 1 . Regardless of this difference, our study supports the view that a fairly constant body fluid space is expanded by parenteral fluid in humans. 10 The smaller size of V 1 during the 30-min infusions might contribute to the increase in systolic arterial pressure by approximately 5 mm Hg after these infusions, as a smaller V 1 usually implies a more pronounced increase in blood volume. However, the interaction between volume effect and hypertensive effect of infusing Ringer's acetate of ambient temperature 16 and the time courses of the inotropic and vasodilator actions of acetate 13 need to be evaluated in more detail to allow the increase in arterial pressure to be fully understood.
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An important question is why some experiments are explained better by the two-volume than the one-volume model. The choice was determined by the F test which evaluated whether the two-volume model offered a statistically significant reduction of SSQ when fitted to the data. Cochran's Q test indicated a random distribution of the two-volume and one-volume models between experiments, but we believe that the elimination rate constant (k r ) is a key to understanding why a peripheral body fluid space can sometimes be found. Subjects with a small urinary excretion in response to a fluid load and, consequently, showing a low k r seem more likely to have a statistically identifiable V 2 . 10 11 The dilution-time curves of such experiments apparently show a slightly different shape than those in which k r is higher.
Computer-based simulation is a useful tool for illustrating the consequences of differences in parameter estimates. Therefore, the data shown in Tables 1 and 2 can also be found in graphical presentations in the form of dilutiontime and volume-time curves (Fig. 4) . These plots confirm that the lower k r in the experiments for which the twovolume model was statistically justified promoted a more pronounced peak dilution and a slower elimination of excess fluid from the body than the experiments for which the one-volume model is appropriate. This shows that not only the shape, but also the level of the dilution-time and volume-time curves, differed, depending on the appropriate fluid-space model. The data shown in Table 3 should not be used for the purpose of simulation, however. This table gives a hybrid of the one-volume and two-volume models and has been used also in previous work 9 10 but serves only to give a simplified view of the overall outcome of the experiments.
The slow elimination of fluid in the two-volume model contributes to our need to sometimes make the estimates of V 2 and k r more stable by using a fixed k r determined by urinary excretion. 11 The rationale for this approach is that nearly all fluid indicated by k r to become eliminated from the expanded fluid space can be collected as urine. 10 Both simulation experiments and sensitivity curves, the latter showing the relative contribution of different parts of the curves to the parameter estimates, indicate that the need for a fixed k r to obtain a more reliable estimate of V 2 could be eliminated by using a longer sampling time. In contrast, the experiments analysed according to the one-volume model would not benefit from a longer sampling time, as the dilution-time and volume-time curves had already returned to baseline at the end of those experiments.
In summary, we found that volume loading with Ringer's solution was more effectively eliminated when preceded by another infusion given on the same day. The body fluid space expanded by the infused fluid was of the same size on both occasions.
